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Nonvolatile reprogrammable logic elements using hybrid resonant
tunneling diode–giant magnetoresistance circuits

A. T. Hanbicki,a) R. Magno, S.-F. Cheng, Y. D. Park,a) A. S. Bracker, and B. T. Jonkerb)

Naval Research Laboratory, 4555 Overlook Avenue SW, Washington, DC 20375

~Received 3 April 2001; accepted for publication 28 June 2001!

We have combined resonant interband tunneling diodes~RITDs! with giant magnetoresistance
~GMR! elements so that the GMR element controls the switching current and stable operating
voltage points of the hybrid circuit. Parallel and series combinations demonstrate continuous or
two-state tunability of the subsequent RITD-like current–voltage characteristic via the magnetic
field response of the GMR element. Monostable–bistable transition logic element operation is
demonstrated with a GMR/RITD circuit in both the dc limit and clocked operation. The output of
such hybrid circuits is nonvolatile, reprogrammable, and multivalued. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1395523#
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Logic devices and gate arrays that are both reprogr
mable and tunable are becoming increasingly importan
digital logic systems.1 Field programmable gate array
~FPGAs! are now being produced in volume because th
more easily handle changing design requirements and re
in a faster time to market.2 The resonant tunneling diod
~RTD! is an especially attractive device component for su
applications because it offers high frequency, low power
eration which is derived from its negative differential res
tance~NDR! operating characteristic.1,3 Memory, multivalue
logic and monostable–bistable logic elements~MOBILEs!4

can be constructed using relatively simple, low compon
count circuits which combine RTDs and field-effect trans
tors ~FETs!.5 However, these circuits do not retain their sta
indefinitely upon loss of power.

In contrast, magnetic devices based on giant magnet
sistance~GMR! or tunneling magnetoresistance~TMR! are
inherently nonvolatile, since the state of the device is sto
as the magnetic orientation of a particular layer which
retained upon power cycling.6 This characteristic makes suc
elements extremely attractive for computer random acc
memory applications, and provides fast, reliable data stor
while simultaneously guarding against data loss. Succ
fully combining the high speed, low power operation
RTDs with GMR or TMR elements will enable hybrid devic
circuits that have the critical advantage of nonvolatile ope
tion. Potential examples include reprogrammable logic c
and FPGAs for digital signal processing, and multiple-valu
logic and memory cells in which the logic or memory leve
can be tuned in a nonvolatile manner.

In this letter, we demonstrate the feasibility of this a
proach by showing that the critical parameters of RTDs
be adjusted over a useful range in simple GMR/RTD hyb
device circuits. The more complicated MOBILE structure4 is
implemented in both the dc limit and with clocked operatio
These prototype hybrid circuits prove the functionality a
illustrate the utility of such devices.

A standard RTD is a two-terminal device based on

a!National Research Council Postdoctoral Associate at NRL.
b!Electronic mail: jonker@nrl.navy.mil
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double barrier quantum well heterostructure, whoseIV char-
acteristic is determined by resonant tunneling of conduct
electrons through confined conduction band states in
well.7 A resonant interband tunneling diode~RITD! is a type
of RTD that is distinguished by tunneling through valen
band rather than conduction band well states.8 The RITD
used in this study was grown by molecular beam epitaxy,
consisted of a pair of InAs electrodes, a pair of 15 Å thi
AlSb barriers, and an 82 Å GaSb well.IV curves for typical
devices are shown in Fig. 1~a!. At low bias voltage, the de-
vice appears ohmic as electrons near the Fermi level in
InAs emitter tunnel through resonant states in the Ga
quantum well. With increasing bias, this resonant alignm

FIG. 1. ~a! Typical IV data for the 10~dotted line! and 20mm ~solid line!
diam RITDs used. The structure in the NDR regime is typical for this m
terial system. A pair of high and low voltage, or logic, states, and the p
current, I p , are indicated.~b! Resistance vs applied field for the Cu/C
GMR used. The offset of the curves is a manifestation of hysteresis in
system.
0 © 2001 American Institute of Physics
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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1191Appl. Phys. Lett., Vol. 79, No. 8, 20 August 2001 Hanbicki et al.
is lost, and the current through the device actuallydecreases,
producing a NDR regime. At higher voltages, the dev
again appears ohmic. When employed in circuits, the de
is biased at either of two stable operating points on the oh
portions of the curve, corresponding to the logic ‘‘low’’ an
‘‘high’’ voltages ~see Fig. 1!. The device switches rapidly
across the NDR regime when a current greater than the c
cal peak current,I p , is applied. The basic parameters th
determine the operation of the device in a circuit areI p , and
the voltage values corresponding to the low and high lo
levels. Photolithographically defined RITD mesas 5–50mm
in diameter exhibited switching currents of 10–100 mA, w
peak current densities of 1.43104 A/cm2 and a peak-to-
valley ratio of;10.

The GMR elements used here are 40-period Co/Cu m
tilayers sputter deposited onto silicon with layer thicknes
of 10 and 21 Å, respectively. The Cu layer thickness is c
sen to correspond to the second peak in this antiferrom
netically exchange coupled system.9 By applying current in
plane ~CIP! at 300 K, the resistance~R! can be varied
smoothly with the magnetic field to a maximumDR/R
528% at 500 Oe, as shown in Fig. 1~b!.

The processed RITD and GMR elements were indep
dently mounted on a chip carrier and wire bonded to form
variety of test circuits.IV data were taken at 300 K by ap
plying a fixed voltage and measuring the current of the s
tem. Magnetic fields were applied perpendicular to the GM
film plane ~easy axis! using either an air coil or an electro
magnet.

Using a GMR element in series or parallel with a RIT
results in a hybrid device circuit with aIV that is similar to
that of a RITD, but one that can be tuned or programmed
a nonvolatile fashion. We first illustrate how the effectiveIV
characteristics of the RITD–GMR devices can be tuned,
then demonstrate clocked operation of a magnetic MOB
cell.

The IV characteristics for typical RITDs shown in Fig
1~a! exhibit peak currents of 13 and 50 mA, respective
Both RITDs ‘‘switch’’ from a high to low current state nea
0.35 V. Figure 2~a! showsIV data for a hybrid circuit con-
sisting of a 20mm RITD in series with a GMR element@Fig.
2~a! inset#, with the GMR in a high~17 V, solid line! and
low ~14 V, dashed line! resistance state. The voltage
which the RITD–GMR combination switches changes by
to 0.25 V. Note that the stable operating voltage points on
positive differential resistance portions of the curve a
shifted by a similar amount, thereby defining a new pair
states with potential for multivalue logic or memory applic
tions. In fact, this circuit provides the same functional
with a reduced component count as some proposed mult
state static random access memory~SRAM! devices.10 Be-
cause the resistance of the exchange-coupled GMR ele
employed here can be tuned continuously between its m
mum and minimum, the peak switching value can be tun
continuously as well. Alternatively, the use of a spin-val
type element would provide two distinct, nonvolatile oper
ing curves.

The utility of being able to tune the circuitIV character-
istics becomes immediately obvious when the output volt
of the RITD–GMR series circuit is examined@Fig. 2~b!#. If
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the bias voltage is chosen correctly, there are two out
voltages determined by the state of the GMR element. In
example the output voltage has two possible states at a
of 1.2 V, depending on the state of the GMR: in one ca
~low!, the RITD has ‘‘switched;’’ in the other case it has no
By varying the input, nonvolatile output voltages differin
by 0.4 V are achieved.

In similar fashion, the current that is required before t
RITD switches can also be tuned. A parallel RITD–GM
circuit @Fig. 2~c! inset# allows continuous control of the ef
fective switching current by utilizing the GMR as a by-pa
element. This is the basic function~normally provided by a
pass transistor! necessary to implement the MOBILE ce
discussed below. As more current is shunted through
GMR element, the net current going through the circuit
quired to switch the RITD increases monotonically
;20% without changing the voltage of the NDR peak. T
use of a spin-valve type element again would provide t
stable, nonvolatile operating curves.

A recent proposal for a highly functional RTD-base
logic cell utilizes two RTDs of different diameter connecte
in series, with a FET connected parallel to the smaller a
one.5 This cell, called a MOBILE, is shown schematically
Fig. 3 ~inset!. In operation, the smaller RTD switches at
lower current because the size of the RTD determines
current at which it switches. The ‘‘input’’ for this circuit is
the FET gate voltage. With the FET ‘‘OFF’’~nonconducting!,
the lower ~smaller! RTD determines the switching curren

FIG. 2. ~a! IV data for a RITD–GMR series circuit~schematic shown at
right! with ~dotted line! and without~solid line! applied magnetic field.~b!
Output voltage vs applied voltage of the series combination shown in~a!.
High and low voltage state at a bias voltage of 1.2 V are indicated.~c! A
series ofIV data from a RITD–GMR parallel circuit~schematic inset! taken
as a function of applied field.
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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1192 Appl. Phys. Lett., Vol. 79, No. 8, 20 August 2001 Hanbicki et al.
and output voltage of the MOBILE, while the larger RTD
effectively a resistor since it does not reach peak current.
output of the logic cell is changed by turning the FET ‘‘ON
~conducting!, providing a current shunt around the smal
RTD. Now the upper~larger! RTD is able to reach its pea
current first to switch, and thus controls the output of t
cell. Note that this cell logic isvolatile because the FET
reverts to its ‘‘normally off’’ state upon loss of power.

A nonvolatile logic cellwith the same cell functionality
and component count is achieved by replacing the FET w
a GMR element. A hybrid MOBILE cell was fabricated u
ing two RITDs with diameters of 10 and 20mm, and a GMR
element, also shown in Fig. 3~inset!. Now the ‘‘input’’ is an
applied magnetic field. In its high resistance state, the G
element is OFF and current flows through the lower RIT
which then controls the logic state of the cell. When t
GMR element is switched with a magnetic field into its lo
resistance state~turned ON!, it shunts current for the lowe
RITD so that the upper~larger! RITD can now reach its
critical current, and thus controls the output of the cell. F
ure 3 shows the output voltage of the magnetic MOBI
circuit, with ~dashed line! and without ~solid line! applied
field, as a function of applied bias. In this example, the vo
age difference between the high and low levels is 0.3
The output state is dependent on which RITD has switch
an event that can be controlled in a nonvolatile way
the GMR element through the application of a magne
field.

Such MOBILE elements are normally intended to op
ate in a clocked circuit5 in which an ac bias voltage synchro
nizes the response of an array of such elements. Cloc
operation of our hybrid MOBILE circuit is shown in Fig.
using 20 and 25mm diam RITDs and a GMR element with
resistance that is switched between 4 and 5V. The circuit
was run with a 1.2 V, 1 kHz clock signal, and the magne

FIG. 3. Output voltage of hybrid MOBILE vs applied voltage. High and lo
voltage states are indicated for a bias voltage of 1.0 V. The inset sho
generic schematic of the MOBILE circuit. The current shunt can be eith
FET or GMR element.
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field was pulsed to 230 Oe using an air coil. The top trace
Fig. 4 is the clock voltage and the bottom trace is the out
voltage of the cell. The middle trace is the voltage drivi
the air coil power supply at half the frequency of the clo
signal, i.e., an input is applied at alternate clock pulses. W
no input, the smaller~lower! RITD switches and determine
the output, which tracks the clock signal. When an inp
pulse is applied to decrease the GMR resistance, the u
RITD is allowed to switch, and the output of the cell toggl
to a lower voltage corresponding to the logic low, invertin
the clock signal. Thus the output of the cell is controlled
the magnetic field input, and exhibits well-defined high a
low voltage~logic! levels. Note further that the input pulse
shorter than the output, i.e., the output ‘‘latches,’’ a valua
characteristic of the MOBILE design.4 Although we have
used an exchange coupled GMR element here to illust
the principles of operation, it is clear that a spin-valve ty
structure would provide a true nonvolatile input.

In summary, GMR elements can be used to control a
tune the critical parameters of the RTD operating charac
istic and associated voltage~logic! levels in both steady stat
and clocked operation. While the components used here w
not optimized for speed or power, these prototypes show
such hybrid device circuits provide nonvolatile operation
the existing attributes of RTD-based circuits.

This work was supported by the Office of Naval R
search. The authors gratefully acknowledge Brian Benn
for his guidance in growing RITD samples.
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